Permethrin is a synthetic pyrethroid insecticide widely used in agriculture. Farm workers are thus regularly exposed during spraying season. To help interpret routine biomonitoring results, a proper knowledge of the time courses of biomarkers of exposure is necessary. The kinetics of biomarkers of exposure to permethrin has recently been documented in volunteers exposed to permethrin under controlled conditions but there is a lack of detailed time profiles following real exposure conditions. This study aimed at obtaining data on the excretion time courses of permethrin metabolites in agricultural workers following typical exposure conditions in the field. Twelve workers exposed to permethrin were recruited from a corn production farm in the Montérégie, Quebec, Canada. They provided all their urine voided over a period of 3 days following the onset of a spraying episode of permethrin or work in a treated area. Three major metabolites of permethrin, trans-and cis-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanel-carboxylic acid metabolites (trans-DCCA, cis-DCCA), and 3-phenoxybenzoic acid (3-PBA), were analyzed. For the applicator, a progressive rise in excretion values was observed with a single peak being reached 29 h following the onset of the 3.5 h exposure and ensuing elimination with a half-life of 6.4 h for trans-DCCA and 8.7 h for 3-PBA. In the other workers (supervisor and corn pickers), excretion profiles were generally more compatible with multiple entries in the treated area during the 3-day sampling period and rapid elimination between exposure episodes. In general, 3-PBA was found in slightly higher levels than trans-DCCA, except for the applicator and a harvester. For both trans-DCCA and 3-PBA in a given worker, excretion values expressed as creatinine-normalized concentrations were less variable than those expressed as excretion rates per kilogram body weight. Time-dependent variability in excretion values of workers confirms the need for serial urine sampling of at least two biomarkers of exposure, with minimally pre-exposure, end-of-shift sample the day of onset of exposure, and following morning void.
A BSTR ACT
Permethrin is a synthetic pyrethroid insecticide widely used in agriculture. Farm workers are thus regularly exposed during spraying season. To help interpret routine biomonitoring results, a proper knowledge of the time courses of biomarkers of exposure is necessary. The kinetics of biomarkers of exposure to permethrin has recently been documented in volunteers exposed to permethrin under controlled conditions but there is a lack of detailed time profiles following real exposure conditions. This study aimed at obtaining data on the excretion time courses of permethrin metabolites in agricultural workers following typical exposure conditions in the field. Twelve workers exposed to permethrin were recruited from a corn production farm in the Montérégie, Quebec, Canada. They provided all their urine voided over a period of 3 days following the onset of a spraying episode of permethrin or work in a treated area. Three major metabolites of permethrin, trans-and cis-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanel-carboxylic acid metabolites (trans-DCCA, cis-DCCA), and 3-phenoxybenzoic acid (3-PBA), were analyzed. For the applicator, a progressive rise in excretion values was observed with a single peak being reached 29 h following the onset of the 3.5 h exposure and ensuing elimination with a half-life of 6.4 h for trans-DCCA and 8.7 h for 3-PBA. In the other workers (supervisor and corn pickers), excretion profiles were generally more compatible with multiple entries in the treated area during the 3-day sampling period and rapid elimination between exposure episodes. In general, 3-PBA was found in slightly higher levels than trans-DCCA, except for the applicator and a harvester. For both trans-DCCA and 3-PBA in a given worker, excretion values expressed as creatinine-normalized concentrations were less variable than those expressed as excretion rates per kilogram body weight. Time-dependent variability in excretion values of workers confirms the need for serial urine sampling of at least two biomarkers of exposure, with minimally pre-exposure, end-of-shift sample the day of onset of exposure, and following morning void.
IN TROD UCTION
In Quebec, Canada, agriculture is a key sector with ~60 000 workers (MAPAQ, 2012) . Each year, a portion of crops is lost due to insect pests (PMRA, 2008) . To counter this threat, farmers use a variety of insecticides (Aktar et al., 2009) . Among those, pyrethroids are increasingly used given their relatively low acute toxicity according to animal studies (Cantalamessa, 1993; Gorse and Balg, 2014) . These synthetic insecticides are derived from natural pyrethrins, which are extracted from chrysanthemum flowers.
Permethrin is one of the most widely used pyrethroids (Gorse and Balg, 2014) . It is categorized as a type I pyrethroid according to its structure and toxicity; it does not contain any cyano group contrary to its cypermethrin pyrethroid homolog (Soderlund et al., 2002) . Permethrin may exert neurotoxic effects in both insects and mammals, by acting on the action potential of voltage-dependent sodium channels (Soderlund et al., 2002) . However, insects are 2250-fold more sensitive than humans (Bradberry et al., 2005) . In addition to effects on the nervous system following permethrin exposure, other studies have reported an impact on the immune and endocrine systems (Zhao et al., 2010) .
Two major isomers of permethrin are found in commercial permethrin-based insecticidal formulations, the cis-and trans-forms. The isomer ratio varies from one formulation to another. For instance, Pounce formulation has an average cis: trans ratio of 40:60, but the percentage of cis-may reach 55% and that of transmay be as low as 45% (U.S.EPA, 2012) . The cis isomer of permethrin is hydrolyzed more slowly and has a higher tendency to accumulate in adipose tissues, favoring its toxicity compared to the trans counterpart (Kaneko and Miyamoto, 2001) . Because the toxicity differs according to the isomer form, it is important to account for the cis:trans ratio of pyrethroid-based formulations.
Workers may be exposed to permethrin by different routes during spraying or work in treated fields. Direct exposure may occur through the respiratory tract and the skin, and inadvertent ingestion is possible (Vermeulen et al., 2002; HSE, 2007) . In the general population, the main route of exposure is the diet (Canadian Health Measures Survey-CHMS, 2013) . The route of exposure has a significant influence on rates of absorption and absorbed doses. The absorbed dose fraction of permethrin following dermal exposure is estimated at ~0.5% on the basis of an urinary excretion study in volunteers subjected to different applications of permethrin-based cream or shampoos (Tomalik-Scharte et al., 2005) , whereas oral absorption fraction has been estimated to vary between 0.6 and 1 on the basis of mass-balance studies in rats (Crawford et al., 1981; Anadón et al., 1991) .
Once absorbed in the animal and human body, metabolism is the primary detoxification pathway, since only the parent compound is thought to induce toxic effects (NRC, 1994) . Permethrin undergoes enzymatic hydrolysis of the ester bond, which leads to the formation of metabolites with a benzoic moiety, such as 3-phenoxybenzoic acid (3-PBA), or with the counterpart cyclopropane moiety, including major trans-and cis-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane-l-carboxylic acid metabolites (trans-and cis-DCCA) (Crow et al., 2007; Scollon et al., 2009; Kaneko, 2010) . These metabolites are excreted in urine within a few days following an exposure, mainly conjugated to glucuronides and sulfates (Kaneko and Miyamoto, 2001; Tomalik-Scharte et al., 2005; Ratelle et al., 2015) .
Measurement of metabolites in urine is used to assess actual exposure of workers and to provide an integrated assessment of exposure through all routesof-entry. Urine sampling is more easily accessible than blood sampling and is more easily amenable to routine biomonitoring. Furthermore, given the rapid metabolism of permethrin, concentrations of permethrin in blood are more difficult to quantify than those of metabolites in urine (Barr et al., 2006) . Three major metabolites of permethrin usually used for the biomonitoring of exposure to this pyrethroid are 3-PBA, trans-DCCA, and cis-DCCA. Their use is however limited by the fact that they are not specific to permethrin. Cypermethrin generates the same three major metabolites. Cyfluthrin also generates trans-and cis-DCCA while deltamethrin and lambda-cyhalothrin both form 3-PBA (Leng et al., 2003) .
Some biomonitoring studies have been conducted to assess pyrethroid exposure in workers of different countries including Germany, Thailand, and Japan (Leng et al., 1996; Hardt and Angerer, 2003; Wang et al., 2007; Panuwet et al., 2008) . In Canada, one study has recently been conducted in workers exposed to cypermethrin (Ratelle et al., 2015) . In the general population, various biomonitoring studies have also been carried out such as in France, Canada, and the USA (Fortin et al., 2008; Barr et al., 2010; Le Grand et al., 2012) . Most of these studies have monitored metabolites in spot urine samples or cumulative excretions over a period of either 12 or 24 h. However, Barr et al. (2006) have questioned this collection method for non-persistent insecticides. They recommend documenting temporal profiles of insecticides in order to better assess actual exposure (Barr et al., 2006) .
The aim of this study was to characterize the urinary excretion time courses and variations of key biomarkers of exposure to permethrin under normal exposure conditions in a group of agricultural workers in Quebec, Canada. These data were sought to help interpret routine biological monitoring data based on single or limited repeated sampling.
M ETHODS
Study design and subjects During the summer of 2013, workers from a sweet corn farm in Rougemont (Quebec, Canada) were recruited to participate in a biological monitoring study. The workers were exposed to Pounce, a permethrin-containing insecticidal formulation with a cis:trans ratio of 40:60. Twelve workers agreed to participate in the study: 10 harvesters, an applicator, and a supervisor. The applicator was exposed during mixing/loading and spraying of Pounce as well as cleaning of the equipment. The harvesters were repeatedly exposed during the time spent in the treated fields. The supervisor entered the fields on different occasions to verify the crops and supervise harvest activities. The participants were asked to follow their usual habits during the 3 days of the study. All participants agreed to sign an informed consent form, which was written in their maternal language. The protocol and the consent form were both approved by the Health Research Ethics Committee of the University of Montreal.
Sample and data collection
For the purpose of the study, participants were invited to provide a complete first-morning void 10 days before the beginning of a permethrin exposure to assess baseline levels. They were also asked to provide last urine voided prior to the onset of an exposure episode along with all their urine during the following 3 days. They were indicated to collect each void in separate high-density polypropylene Nalgene ® bottles containing thymol, to prevent bacterial growth. They were also asked to write the day and the time of each void on the bottle label. Due to the short timeframe prior to permethrin spraying, the applicator was not able to provide a pre-exposure sample 10 days before permethrin exposure. The applicator pre-exposure urine sample corresponded to urine voided just before the onset of mixing/loading/spraying and all urine samples voided over the next 3-day period were collected.
The urine samples were kept in coolers with ice packs in the fields and were picked up on a daily basis, at noon, by a member of our team. They were brought back at the laboratory of the University of Montreal where total urine volume was measured and aliquots were prepared to avoid multiple freezing and thawing of analyzed samples (one 5-ml aliquot in a 15-ml Sarstedt tube and two 90-ml aliquots in 120-ml Sarstedt bottles). The samples were then stored at −20°C until analysis.
The participants were also asked to complete a selfadministered questionnaire on each of the sampling days. The questions were written in their maternal language and included personal and work-related information: physical activities, domestic use of pesticide, smoking habits, alcohol consumption, medication, intake of food that may contain pesticide residues, working hours, time spent in a treated area or preparing/mixing/loading/spraying, decontaminating the material, pesticides used on the field prior and during the study period, personal protective equipment (PPE), and personal hygiene after possible contact or working hours. ) as well as the internal standards of 13 C 2 1D-trans-DCCA and 13 C 6 -3-PBA (>99% purity) were purchased from Cambridge Isotope Laboratories Inc. (Andover, MA, USA). MS grade methanol from Honeywell (2.5 l) and high performance liquid chromatography (HPLC) grade methanol from JT Baker (4 l) were both used. HPLC grade acetic acid (A35-500) was obtained from Fisher Scientific (Ottawa, ON, Canada). β-Glucuronidase/ arylsulfatase enzyme (100 000 Fishman U ml −1 and 800 000 Roy U ml −1 from Helix pomatia) was obtained from Roche Diagnostics (Laval, Quebec, Canada).
Working standards preparation and calibration curves Quantification was obtained from standard calibration curves of trans-DCCA, cis-DCCA, and 3-PBA in urinary extracts. Working solutions of 20 nmol ml −1 of each standard and 1 nmol ml −1 of the mix of trans/cis-DCCA and 3-PBA and of the two internal standards were prepared in methanol. For the calibration curve in urine, blank urine samples (from the same pool of urine) were spiked with different levels of these working standards and underwent the same processing steps as the urine of workers. Calibration concentration points were 0, 25, 50, 100, 200, 350, and 500 pmol ml −1 of methanolic extract for trans-DCCA and 3-PBA and 0, 7, 14, 29, 57, 100, and 143 pmol ml −1 for cis-DCCA. The internal standard concentration was set at 200 pmol ml −1 of methanolic extract. The stability of working standards in methanol kept at −20°C was ~1 month and the stability of standards in urine kept at −20°C was >3 months.
Extraction of cis-and trans-DCCA and 3-PBA in urine Aliquots of 5 ml of worker urine were spiked with 100 µl of internal standard mix of 13 C 2 1D trans-DCCA and 13 C 6 -3-PBA at a concentration of 1 nmol ml −1 ; 5 ml of acetate buffer (0.1 M) were added and urine samples were subjected to 16 h overnight enzymatic hydrolysis with 12.5 µl of β-glucuronidase/arylsulfatase at 37°C prior to a solid phase extraction using Sep-Pak C18 cartridges (Waters, Milford, MA, USA). The cartridges were first conditioned with 4 ml of methanol, followed by 8 ml of water; the urines were passed through the column and discarded; the cartridges were washed with 8 ml of water; analytes were then eluted from the column with 8 ml of methanol into 10 ml glass tubes. The solvent was evaporated to dryness under a gentle nitrogen stream at 35°C. The residues were resuspended in 1 ml of methanol, centrifuged for 60 s at 3000 r.p.m. and transferred to vials for analysis by ultra-high performance liquid chromatography coupled to quadripole time-of-flight mass spectrometry (UHPLC/Q-ToF MS).
UHPLC/Q-ToF-MS analysis of cis-DCCA, trans-
DCCA, and 3-PBA in urinary extracts Analysis of cis-DCCA, trans-DCCA, and 3-PBA was performed using an Agilent Model 1290 UHPLC system equipped with a binary pump and thermostated column compartment (Agilent, Mississauga, Canada) connected to an Agilent model 1290 autosampler (Agilent) and coupled to a Model 6530 Q-TOF MS (Agilent) with Dual-Jet-Stream Electrospray Ionization (DJS ESI) source. The source was operated in the negative ion mode and the specific ESI-UHPLC-MS parameters were all manually optimized.
The compounds were separated using a C 18 Zorbax Eclipse Plus column (2.1 × 50 mm; 1.8 µm, HD) from Agilent. The temperature of the column was maintained at 40°C. The mobile phase consisted of: eluent A composed of water and 0.01% acetic acid, and eluent B of methanol and 0.01% acetic acid. For analysis, elution was performed for 11 min using a solvent gradient, at a flow rate of 0.4 ml min −1 . The following solvent program was used: (i) 2% eluent B for 2 min, (ii) linear gradient to 30% eluent B from 2 to 2.5 min, (iii) maintained at 30% eluent B from 2.5 to 3.5 min, (iv) increased to 55% eluent B from 3.5 to 4 min and then (v) to 60% eluent B from 4 to 7.5 min, (vi) linear gradient to 98% eluent B from 7.5 to 8 min, (vii) maintained at 98% eluent B from 8 to 9.5 min, and (viii) returned to initial conditions of 2% eluent B in 1.5 min. The LC flow was sent to waste before 4 min and then switched to MS to prevent ion suppression by salts contained in matrices. All the analytical compounds eluted between 6.6 and 7.0 min. The samples were kept at 5°C on the injection tray and 5 µl were injected.
The exact masses of the analytes were determined in MS mode using the following ToF conditions: sheath gas (N 2 ) temperature at 365°C and gas flow rate of 10 l min isotope mass of Cl was used for 13 C 2 1D trans-DCCA to avoid interference with the isotope mass of the unlabeled standard. These curves were established by plotting the response factors as a function of the concentration levels, over a maximum range of 15 to 1000 pmol ml −1 depending on the analyte. The response factors corresponded to the peak-area ratios of each compound ion to the internal standard ion. The method detection limits (LOD) for trans-DCCA, cis-DCCA, and 3-PBA were 18, 14, and 31 injected fmol, respectively, or 0.1-0.3 µg l −1 of urine (equal to 3 SD of response ratio of a blank reanalyzed at least seven times on different days divided by mean slope of the standard curves). Repeatability from replicate analysis of urine samples under the same calibration and tuning conditions (blank samples spiked with authentic reference standards at two levels along with positive controls) ranged between 1.5 and 4.1%. The percentage of detection was 94% for trans-DCCA, 31% for cis-DCCA, and 87% for 3-PBA.
Creatinine correction Urinary levels were either expressed in creatininenormalized concentrations (μmol mol −1 creatinine) or in excretion rates (pmol h −1 kg −1 of body weight). Creatinine was measured in urine by the Jaffé method, hence alkaline picric acid method with deproteinization (enzymatic colorimetric test PAP from Boehringer Mannheim, Germany).
Data analysis
Both the concentrations (µmol mol −1 creat.) and excreted rates [pmol h −1 kg −1 of body weight (b.w.)] of biomarkers of exposure were determined in every urine sample provided by the participants. Samples with undetectable levels were assigned a value of half the LOD for descriptive statistics. The cumulative urinary excretion profiles (pmol kg −1 b.w.) of the measured biomarkers in workers were also determined over the three consecutive 24-h periods following the onset of the exposure episode.
Using a strategy similar to the one used in Bouchard et al. (2003 Bouchard et al. ( , 2006 Bouchard et al. ( , 2008 , health risks of exposure to permethrin for each worker were assessed by comparing measured total daily excretion rates of biomarkers in each worker (amounts excreted in 24-h urine collection periods) to a biological reference value (BRV). The BRV was expressed as a daily urinary level of metabolite corresponding to an exposure dose limit below which the risks of adverse health effects should be negligible. It was derived using a published toxicokinetic model specific to this insecticide (Côté et al., 2014) , which enables absorbed dose scenarios to be related to the time course of cumulative levels of biomarkers in urine over given time periods. Since an acute oral and chronic reference dose (Rf D) for permethrin of 0.25 mg kg −1 b.w. was available in the literature (U.S.EPA, 2009), this value was used to derive a BRV. From the Rf D, an absorbed dose was established by considering an oral absorption fraction of 0.8 on the basis of a previously established toxicokinetic model (Côté et al., 2014 ). The input scenario was then set so as to obtain the most conservative BRV, by accounting for the impact of the exposure route, timescenario, and most sensitive kinetic parameter, namely the absorption rate constant (Côté et al., 2014) . The most conservative BRV was thus obtained by simulating the longest exposure period in the workers under study, which is a 15 h day −1 exposure, such that the total absorbed daily dose was equal to the absorbed Rf D dose (exposure Rf D × 0.8 oral absorption fraction) (Côté et al., 2014) . It was also achieved by considering the slowest absorption rate found compatible with the available experimental data (Côté et al., 2014) , which is the one obtained from dermal exposures rather than inhalation or oral exposures, along with zero background at the start of the work day. With these input conditions, total urinary amounts of metabolites over the 24-h period following the onset of this exposure scenario were considered as BRVs.
In addition, urinary concentrations of the metabolites measured in the current study were compared to baseline values established in the general Canadian population, aged 6-79 years, as part of the CHMS (2013).
R E SULTS
Characteristics of exposure during the 3 days of the biomonitoring study Personal and work-related characteristics of the 12 studied workers are presented in Tables 1-3 . An applicator (T50), a supervisor (T51), both French Canadians, and 10 Mexican corn harvesters (T52 to T61) were assessed. They were aged between 28 and 50 years. Half of the workers reported having a high school degree as highest educational level, three a college degree, and the rest a primary school level or not reported. Only a few workers reported taking medication (n = 3) or smoking (n = 1).
During the study period, none of the workers wore personal protective clothing considered as PPE to protect against dermal exposure. However, the applicator wore a mask with filter during preparation of Pounce formulation, but he did not wear it during spraying as he was in a vehicle with cabin. All of the workers except the supervisor wore long pants and gloves during field work or contact with pesticides, and half of the workers had long-sleeved shirts during their work. The nine harvesters and the supervisor spent approximately the same time in the treated area. For these workers, the average time per day spent in the fields during the three sampling days was 13.6 h, with a maximum of 15 h and a minimum of 12 h. The applicator had a very different schedule, and was in direct contact with permethrin only on the first day of the study, for a total period of 3.5 h, during mixing/loading 
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and spraying of Pounce formulation, as well as cleaning of the equipment. The applicator reported not being in contact with other pyrethroid insecticides during the biomonitoring period, but sprayed pyrethroid formulations in the weeks before the study.
Time-dependent variations in urinary excretion of metabolites Only 3 of the 12 assessed workers presented time profiles indicative of an elevated occupational exposure during the study period. Figure 1 shows these time courses for trans-DCCA and 3-PBA in the urine of the applicator, the supervisor, and one harvester (T50, T51, and T60, respectively). Excretion values expressed in µmol mol −1 creat. and pmol h −1 kg −1 b.w. are presented. For all workers, the profiles were similar for both units. For the applicator (T50), the time courses of trans-DCCA, cis-DCCA, and 3-PBA appeared to evolve relatively in parallel, with trans-DCCA values being higher than 3-PBA values. Cis-DCCA was found in lowest levels at all times. A rise in excretion values was observed only at ~20 h following the onset of the 3.5 h mixing/loading/spraying period and peak levels were reached only at 29 h. Ensuing elimination exhibited a monoexponential decrease with The applicator spent 2 h preparing the formulation containing permethrin and 1.5 h spraying in the field.
an apparent elimination half-life of 6.4 h for trans-DCCA and 8.7 h for 3-PBA. For the supervisor, very high concentrations of 3-PBA were observed at the onset of the sampling period followed by an elimination with an apparent half-life of 14 h (calculated >24 h following onset of biomonitoring or >16 h following the onset of first workday in permethrin-treated fields), indicative of an exposure to a 3-PBA forming pyrethroid, but not compatible with the reported time spent in permethrin-treated fields. Slight increase and decrease in 3-PBA excretion values were later observed during the first of the three 13 to 14-h periods spent in the permethrin-treated fields. On the other hand, variations Mexico: % (n) 83 ( Protective equipment Long pants: (n) 11
Long-sleeved shirt: (n) 7
Gloves: (n) 11
Average exposure duration (h/day) Applicator: Mean (min-max) 1.2 (0-3.5)
Harvester and supervisor: Mean (min-max) 13.6 (12-15)
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in trans-DCCA excretion with time generally followed a pattern similar to that of 3-PBA, except in the first hours following the onset of sampling, but contrary to the applicator, trans-DCCA levels were lower than 3-PBA values. Similar to 3-PBA, apparent elimination half-life of trans-DCCA in the urine of the supervisor was 12 h (calculated over the >24 h period following the onset of biomonitoring).
For the harvester, who spent 13-15 h in the permethrin-treated field during the 3-day sampling, the excretion profiles of trans-DCCA and 3-PBA were compatible with a repeated daily exposure. Two of the three daily periods spent in the fields were reflected by clear increases and decreases in 3-PBA excretion during and following that time, with two prominent excretion peaks of 3-PBA observable ~4 to 7 h following the onset of a daily work shift in the fields. However, a slight shift in excretion values of 3-PBA compared to the reported periods in the fields was apparent. These observed profiles did not allow calculating reliable apparent absorption and elimination half-lives, but show a rapid attrition following peak levels. For trans-DCCA profile in this harvester, it did not clearly follow that of 3-PBA, and as observed for the supervisor, trans-DCCA levels were lower than those of 3-PBA. Again cis-DCCA was present in lowest levels.
For the other nine harvesters, there were no clearly elevated excretions of trans-DCCA, cis-DCCA, or 3-PBA typical of a contact specifically during the 3-day work in permethrin-treated fields. However, there were wide variations in trans-DCCA, cis-DCCA, and 3-PBA excretion values through time. Tables 4  and 5 show within-subject variations in excretion values, expressed in two different units (µmol mol −1 creat. and pmol h −1 kg −1 b.w.). The applicator and the supervisor had the most variable excretions through time compared to the harvesters. Furthermore, lower within-subject variability was observed for creatinine-normalized concentrations as compared to weight-adjusted excretion rates for seven workers for trans-DCCA and five workers for 3-PBA.
Comparison of worker excretion values with
population baseline values or biological reference values As also shown in Table 4 , when compared to baseline values observed in the civilian general population as part of the CHMS (2013), within-subject geometric mean excretion concentrations of trans-DCCA in five workers were higher than the reported CHMS geometric mean of 0.28 µg g −1 creatinine (0.15 µmol mol −1 creat.), but only the applicator and the supervisor showed upper limit values exceeding the reported 95th percentile value of the CHMS of 3.0 µg g −1 creatinine (1.62 µmol mol −1 creat.). Similarly, within-subject geometric mean excretion concentrations of 3-PBA in five workers were higher than the reported CHMS geometric mean of 0.42 µg g −1 creatinine (0.22 µmol mol −1 creat.), but four workers also had upper limit values exceeding the reported 95th percentile value of the CHMS of 2.8 µg g −1 creatinine (1.48 µmol mol −1 creat.). The supervisor, with no protection, had the highest within-subject geometric mean and median, as well as highest upper limit values.
Furthermore, to obtain an indication of health risks associated with occupational exposure to permethrin, total daily amounts of trans-DCCA and 3-PBA excreted in the urine over the 3-day collection period were calculated. Daily excretions were then compared for each worker to proposed BRVs: 29 and 12 nmol kg −1 day −1 for trans-DCCA and 3-PBA, respectively. Results show that all of the workers exhibited values below the derived BRVs (Table 6 ).
DISCUSS ION

Kinetic profiles
To the best of our knowledge, this is the first study to characterize detailed urinary excretion profiles of exposure biomarkers for workers exposed to permethrin. The applicator excretion profiles were compatible with a single permethrin exposure during the study period, but peak excretion appeared later than expected (at 29 h following the onset of exposure) on the basis of excretion time course data in volunteers orally (on average 8 h) or dermally (on average 12 to 24 h depending on the study) exposed to a single dose of permethrin under controlled conditions (Woollen et al., 1992; Tomalik-Scharte et al., 2005; Ratelle et al., 2015) . However, apparent elimination half-life of trans-DCCA and 3-PBA (6.4 and 8.7 h) for the applicator was similar to that observed following controlled oral exposure in volunteers (respective average of 5.4 and 5.7 h following ingestion) (Ratelle et al., 2015) . According to the toxicokinetic model of Côté et al., (2014) , the average oral absorption rate of cis-and trans-permethrin/cypermethrin is 0.32/0.46 h −1 (cis/trans) (half-life of 2.2 and 1.5 h, respectively) while the average dermal absorption rate constant is 0.047/0.033 h −1 (half-life of 14.7/20.9 h, respectively), suggesting that peak exposure in the applicator would a priori be more compatible with a dermal exposure. Nonetheless, the model predicts that the time required to recover half the absorbed dose of permethrin as metabolites in urine is on average 8.6 h following oral exposure and 31.2 h following dermal exposure. Given that the apparent elimination half-life of metabolites for the applicator is more rapid than predicted from a dermal exposure, it appears that the applicator may rather have been exposed indirectly through hand-to-mouth contact following non protected contact with contaminated surfaces or clothing Time courses of biomarkers of exposure to permethrin in workers of a corn production farm in Quebec • 1161 Table 4 . Within-subject distribution in trans-DCCA and 3-PBA urinary concentrations (µmol mol Table 2 .
Time courses of biomarkers of exposure to permethrin in workers of a corn production farm in Quebec • 1163 or inadequate hygiene practices. Such possible inadvertent occupationally related ingestion exposure has also been documented by other authors (HSE, 2007) . Similarly, in an excretion time course study in applicators exposed to cypermethrin, peak excretion of trans-DCCA and 3-PBA was observed between 18 and 32 h following the onset of a mixing/loading/spraying of a cypermethrin formulation in three workers (Ratelle et al., unpublished) . As for the supervisor, the time courses of 3-PBA and trans-DCCA in urine were compatible with multiple pyrethroid co-exposure during the first 24 h of biomonitoring and daily excretions indicate that this was the worker most exposed to pyrethroids (Table 6 ). The supervisor was the only worker not to wear long pants and gloves when working in the fields. The observed 3-PBA peak excretion at the onset of the biomonitoring period (in the first two samples collected prior to work in permethrin-treated fields) could not be attributed to permethrin exposure; the supervisor had explicitly stated that permethrin was not used during the days preceding sampling, but reported that lambda-cyhalothrin (Matador) was applied in adjacent fields. The differences between 3-PBA and trans-DCCA values (Fig. 1C and Table 6 ) may be explained by the fact that 3-PBA is a major metabolite of lambdacyhalothrin contrary to trans-DCCA (Kaneko, 2010) .
The kinetic time course of 3-PBA in the urine of the harvester depicted in Fig. 1 (T60) shows two majors peaks over the 3-day sampling period, the initial rise in excretion values occurring prior to the onset of work in permethrin-treated fields. Moreover, the urinary excretion time course of trans-DCCA did not follow that of 3-PBA, with trans-DCCA values remaining fairly constant during the 78-h collection period. As for the supervisor, a co-exposure to lambda-cyhalothrin during the study period is probable and 3-PBA rapid decrease following peak levels suggests that a significant dermal contribution to excreted levels is unlikely (Côté et al., 2014) . For the other nine harvesters, the urinary excretion pattern of both trans-DCCA and 3-PBA could not be associated with the specific 3-day work in permethrin-treated fields, but allowed to obtain an overall view of excretion levels of workers during the high-season of pesticide spraying, along with significant urine-to-urine variability within individuals.
Among the 12 workers, the applicator (T50) and one harvester (T56) showed higher concentrations of trans-DCCA than those of 3-PBA. Conversely, the other workers exhibited 3-PBA values higher than those of trans-DCCA. Given that Pounce with a cis:trans ratio of permethrin of 40:60 was applied in the fields during the biomonitoring period and that both isomers generate 3-PBA while trans-DCCA originates only from trans-permethrin, 3-PBA levels in workers are expected to be 1.4 times higher than those of trans-DCCA (Côté et al., 2014; Ratelle et al., 2015) . In the general Canadian population (CHMS, 2013) , molar ratios of 3-PBA/trans-DCCA median concentrations were also in the order of 1.3-1.6, which represented exposure to all pyrethroids. The high trans-DCCA/3-PBA ratio observed in the urine samples of the applicator and one harvester may indicate a co-exposure to permethrin and another DCCA forming pyrethroid, such as the cyfluthrin (Leng et al., 1997) , but this was not corroborated by questionnaire data. This may also be explained by inter-individual variability in the metabolism of permethrin to 3-PBA and other phenoxy metabolites such as 4-hydroxy-3-PBA (Woollen et al., 1992) . Conversely, the higher than expected 3-PBA/trans-DCCA ratio in the urine of four workers (trans-DCCA molar concentrations ~18 to 28% those of 3-PBA values) suggests a co-exposure to 3-PBA forming pyrethroids such as lambda-cyhalothrin, which was reported to have been applied in the fields during the weeks prior to biomonitoring.
Considerations for appropriate routine biomonitoring of workers exposed to permethrin Routine biomonitoring requires proper sampling strategy and expression of results. To assess appropriate sampling strategies in workers, a minimum set of information on the frequency and magnitude of exposure to pyrethroids is necessary. Repeated exposure to fairly constant concentrations at intervals compatible with the short elimination half-life of the key biomarker metabolites (<1 day) will lead to a rapid steady-state equilibrium and hence relatively constant daily metabolite excretions (Côté et al., 2014) . In that case, the sampling period is not as critical as variable sporadic weekly exposures, hence has fairly little impact on resulting exposure estimates (Barr et al., 2006) . Harvesters are usually repeatedly exposed during the course of a typical workweek in pesticide-treated fields. In our study, most harvesters showed an excretion time course of trans-DCCA and 3-PBA compatible with this repeated exposure pattern (periodic small peaks in concentrations of metabolites). Conversely, the applicator showed an excretion time course of trans-DCCA and 3-PBA compatible with a single few hour-exposure over the 3-day study period. In this case, knowledge of the time and duration of exposure is essential to collect samples at peak exposure. For routine biomonitoring of exposure, it would be ideal to perform repeated urine sampling for each worker during high spraying season. However, due cost and time restraints, this is not a practical solution. Collection of spot urine voids at a relevant time periods could provide a good overview of exposure in a large group of workers. On the other hand, to assess the level of exposure in a small group of workers, collection of multiple samples per worker is more appropriate. As proposed by Ratelle et al. (2014b) , Collection of the least three complete urine samples may provide an overall assessment of both baseline and peak exposure: (i) urine voided prior to an exposure episode (spraying, field work); (ii) end-of-shift void the day of onset of this exposure episode; and (iii) first-morning void of the following morning.
The use of specific biomarkers is also important for proper biological monitoring (Barr et al., 2006) . Besides being specific, the biomarkers should be present in sufficient concentrations in the sampled matrix to be quantified. In other time course studies of short-lived pesticides generating multiple non-specific metabolites, measurement of at least two biomarkers of exposure was also suggested for a better identification of exposure to specific compounds (Berthet et al., 2012) . In our study, the two metabolites with highest detection rates by Q-ToF/MS detection were trans-DCCA and 3-PBA, and the trans-DCCA/cis-DCCA concentration ratio was on average of 4.5 for samples with detectable values. Although our analytical method led to similar method detection limits for trans-DCCA and cis-DCCA, due to the low detection rates of cis-DCCA, this biomarker was not used in subsequent analyses. Other biomonitoring studies in the general Canadian and US population reported higher detection rates for cis-DCCA by triple-quadrupole MS detection, and a trans-/cis-DCCA concentration ratio close to 2 (Fortin et al., 2008; Couture et al., 2009; CHMS, 2013) . The observed trans-DCCA/cis-DCCA concentration ratio in our worker biomonitoring study is more compatible with an exposure to a trans/cis-permethrin-based formulation of 75:25. Although optimization of the ESI ionization parameters to obtain higher detection rates of the cis-DCCA metabolite would be necessary for future biomonitoring in poorly exposed individuals, the reflectron-ToF mass analyzer has been shown to provide better selectivity of precursor ions than triplequadrupole detectors because of the higher resolving power of the reflectron-ToF mass analyzer and hence higher mass accuracy (Steen et al., 2001) .
With regard to the units of expression of biomonitoring results, most of the urinary pyrethroid metabolite results are reported as creatinine-normalized concentrations or excretion rates per kilogram body weight (Fortin et al., 2008; Couture et al., 2009; NHANES, 2009; CHMS, 2013) . Our study has shown that urinary excretion profiles in workers were overall similar when trans-DCCA and 3-PBA excretions were expressed as both units. Reporting excretion rates facilitates comparison with reference values such as acceptable daily intakes (Barr et al., 2006) , but requires timed collections. On the other hand, creatinine-normalized concentrations are reported in National surveys such as the CHMS (2013), and are considered to account for variations in urine dilution and compensate for incomplete sampling, although creatinine excretion rate (<24 h) may vary widely through time and among individuals (Boeniger et al., 1993; Viau et al., 2004) . Nonetheless, our study showed less variable excretion values of 3-PBA and trans-DCCA through time in workers when expressed as creatininenormalized concentrations rather than hourly excretion rates per unit of body weight, suggesting that creatinine normalization may also adjust for body-weight normalized dose in addition to the varying degree of dilution of the urine (Viau et al., 2004) .
